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Abstract.  Metastable austenitic stainless steels are designed to be thermodynamically unstable such that deformation 
even at room temperatures can bring about a change in the phase of face centred cubic austenite to either hexagonal 
close packed martensite and/or to body centred cubic martensite. This solid state phase change is a function of the strain 
path, strain, strain rate and temperature. A set of carefully designed experiments is conducted in the pure states of shear, 
compression and tension under varying temperature and strain rate. The fraction of the growing martensite phase is 
recorded with the help of a magnetic sensor attached to the mechanical tester. These data are then cast in a general form 
of constitutive equation and the transformation equations are derived from Olson-Cohen type functions. The set of 
equations, thus generated are further used to define an equivalent plastic stress and strain that are used to do finite 
element calculations for large strain forming of the metal sheets. The accuracy of the constitutive equation is validated 
by experiments.   
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INTRODUCTION 
Metastable austenitic stainless steels are designed 
to be thermodynamically unstable such that a phase 
change from f.c.c. austenite to b.c.c. / h.c.p. martensite 
can take place during forming. This brings in added 
plasticity such that  elongation to fracture can be 
enhanced. This aids in stretch flangeability, which is 
an essential attribute for the steel to be deep drawn or 
stamped. While the alloy composition is primarily 
selected keeping in view the qualities necessary for the 
end use of the steel  like corrosion resistance, wear 
resistance etc.,  alloy design plays an equally 
important role to design the “least-cost” process routes 
and heat treatments that offer the flexibility  to design 
the desired  end product. Development of constitutive 
equations for this category of metastable steels is 
important as they describe the flow stress behaviour 
during deformation and they are used in modeling the 
forming processes. Since the flow stress depends on 
temperature, strain rate as well as the evolving fraction  
 
 
 
of martensite, a modified Zener-Hollomon type 
parameter is used which combines these factors. A 
method of developing the constitutive equations  for 
microalloyed steels [1] is emulated here and applied to 
metastable stainless steels. The steel chosen for this 
analysis is Sandvik NanoflexTM and its composition is 
shown in Table 1. 
 
TABLE 1. Chemical composition of Sandvik  NanoflexTM in 
weight per cent 
 
C, N Cr Ni Mo Ti Al Si Cu 
<0.05 12 9 4 0.9 0.3 0.15 2.0 
 
The deformation induced martensitic transformation is 
assisted by an increase in tensile hydrostatic stress and 
is hindered by an increase in the compressive 
hydrostatic stress [2]. This phenomenon can be 
ascribed to assist the volume expansion due to the 
transformation from austenite to martensite. In reality, 
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however, the steel is formed through a series of steps 
where the material flows in non-homogeneous manner 
and the state of stress could be tensile or compressive 
depending up on the loading, rate of loading, friction 
conditions, temperatures and therefore, it is a local 
variable within the bulk metal piece. Therefore, 
constitutive equations derived purely on a single set of 
homogeneous experiments like a tensile test or a 
compression test (upsetting) may not be sufficient to 
model the state of stress-strain and microstructural 
transformations in the operating zone (strain-strain rate 
and temperature) of the actual forming process. In the 
pure state of shear, the amount of martensite formed is 
in between the amount that forms during pure tensile 
or pure compressive testing conditions.  Therefore, to 
cover the entire range of operating conditions, three 
distinct sets of constitutive equations are derived, each 
for tension, compression and shear. These three 
equations are then combined to generate an equivalent 
stress for a material point during the modeling of 
forming.  In this paper, a general method for deriving 
such a physically based constitutive equation for a 
specific Cr-Ni metastable stainless steel Sandvik 
NanoflexTM is described. The derivation for the 
constitutive equation pertaining to tensile state is 
described in an earlier paper [3]. In this article, data 
for upsetting tests are analysed to generate the 
constitutive equations pertaining to compressive 
stresses.  These equations are meant to be incorporated 
in large strain Finite Element Models of precision 
stamping process. 
EXPERIMENTAL METHOD 
     A set of upsetting tests has been conducted 
covering a range of temperatures and strain rates. 
Table 2 shows the matrix of experimental conditions. 
The steel samples are prepared from  a cold rolled and 
annealed rod to suit the mechanical testing equipment 
at the Department of Engineering Materials of the 
University of Sheffield.  A change of phase takes place 
owing to deformation and typically, a paramagnetic 
austenite matrix transforms to a ferromagnetic 
martensite matrix. This change in phase during a 
tensile test or a shear test is recorded with the help of a 
magnetic sensor (Fig. 1). However, due to difficulty in 
installing a magnetic sensor during compressive tests, 
the amount of evolving martensite phase has been 
captured by discrete tests and metallography. The 
time, force, displacement and test temperature are 
recorded with the help of a data acquisition system. 
The tested samples are subjected to various 
metallographic and X-Ray analyses. 
TABLE 2. The matrix for compression tests 
Sample ID Strain rate, 
s-1 
Temperature, 
°C  
A1 5E-3 100 
A2 5E-2 100 
A3 5E-1 100 
B1 5E-3 40 
B2 5E-2 40 
B3 5E-1 40 
C1 5E-3 20 
C2 5E-2 20 
C3 5E-1 20 
 
.  
FIGURE 1.  The magnetic sensor used to measure the 
fraction of martensite phase during tensile and shear tests.  
Results From Upsetting Tests  
Flow Stress curves 
 Fig. 2 shows the experimental stress strain curves 
for the set of experiments B (Table 2). It can be 
observed that stress is an interplay between strain rates 
and temperatures, there being a substantial evolution 
of heat due to enthalpy of phase transformation. 
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FIGURE 2.  The flow curves for Sandvik NanoflexTM at  
40 °C tested in compression. 
 
This hump shape is attributed to an intermediate 
h.c.p. phase of martensite.  
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Temperature and Strain Rate 
During a test, neither the temperature nor the strain 
rate remains constant. Instantaneous values of these 
are necessary to correct the raw data for strain rate and 
temperature. Figs. 3 and 4 are the plots for changes in 
temperature and strain rate as recorded for the test C1.  
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FIGURE 3.  Change in specimen temperature during 
compression test  at 5E-3 s-1 and 20 °C .  
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FIGURE 4.  Change in the strain rate  during compression 
test at 5E-3 s-1 and 20 °C . 
Metallography,  XRD and TEM Analyses 
Several metallographic and XRD analyses are 
performed on the samples in order to determine the 
fraction of phases formed and also to confirm the 
reasons behind the micro-mechanical changes that 
occur during straining of Sandvik NanoflexTM . Fig. 5 
is a micrograph of deformed Sandvik NanoflexTM 
showing the darker phase as the evolving martensite. 
Fig. 6 is a typical XRD plot showing presence of 
various phases : austenite, b.c.c. martensite and h.c.p. 
martensite and Fig. 7 is a bright field TEM micrograph 
confirming the presence of hard-to-detect h.c.p. 
martensite.  
 
 
 
FIGURE 5. Optical micrograph of Sandvik NanoflexTM  
from room temperature tensile test with 5% elongation. 
Magnification : x200.  
 
 
FIGURE 6. Total XRD scan of the samples of  Sandvik 
Nanoflex TM tested at –50 °C. 
 
 
 
FIGURE 7. Bright field TEM image and its corresponding 
DP of tensile sample in situ strained to 5% at room 
temperature confirming the presence of h.c.p. martensite in 
Sandvik Nanoflex TM.  
METHODOLOGY 
The  constitutive equations are derived in three 
stages: 
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a) First stage equations are derived for discrete 
strains on the flow curve, which describe the 
stress at each of these points in terms of  Z,  a 
modified  Zener-Hollomon parameter. 
b) Second stage equations, describing continuous 
flow stress curves up to the point of minimum 
stress, uses both first stage equations and 
additional information. 
c) Third stage equations, describing the flow 
curve between the minimum and  the final 
point. 
Before going to develop the first stage equations, a 
useful first step is to temperature correct the flow 
stress curves i.e. derive the flow stress curves that 
would have been obtained if the deformations had 
been isothermal. Note, however, this results in 
isothermal and not iso-Z curves. 
Temperature Correction 
When analysisng the data from the mechanical 
tests, it is essential to determine the magnitude of the 
temperature change that occur during the experiment. 
Tests on  Sandvik Nanoflex TM exhibit large 
temperature variations (Fig. 3), from the enthalpy of 
phase change, deformational heating as well as 
unavoidable heat transfer between specimens and 
tools. Such heat transfer and its effect on bulk 
temperature may mask the true shape of the stress 
strain curve. 
In order to temperature correct the data, the 
combined activation energy of deformation and 
transformation, Q must be known. The output file 
from the University of  Sheffield analysis programme 
gives instantaneous values of  stress, strain rate,  
instantaneous temperature etc.  at each increment of 
strain. In order to verify that Q is valid over the full 
range of strain, the following procedure is repeated 
over a range of strains such as 0.1, 0.2, 0.3, 0.4 etc. At 
each strain increment, over the full range of testing 
temperatures, a graph of ln(instantaneous strain rate) 
versus instantaneous true stress is constructed. At 
points of equal stress, instantaneous values of  ln(strain 
rate) and temperature are interpolated. A graph of 
ln(strain rate) against the inverse of temperature can 
then be constructed. As the micro-mechanics of  
Sandvik NanoflexTM change during straining, Q is 
expected to be a variable rather than a constant. Q is 
finally obtained as a function of temperature and 
strain. Fig. 8 shows a typical plot of  variation of Q 
with strain at room temperature, derived for Sandvik 
NanoflexTM  tested in compression. Once 
instantaneous temperature values and a validated value 
of Q are available for every strain increment, it is 
possible to calculate the value of Z at every point on 
the flow stress curve. However, before the flow stress 
data can be temperature corrected, another parameter β 
must be determined, which appears in the first stage  
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FIGURE 8. Activation energy for deformation and 
transformation for Sandvik Nanoflex TM at 20 °C during 
compression. 
 
constitutive equations. Depending up on the value of  
stress, dependence of Z on flow stress could be a 
power law at low stresses or an exponential law at 
high stresses. According to Sellars and Tegart [4],  an 
equation that is valid over the entire range of  stresses 
is the hyperbolic sine relationship. The value of β is 
obtained for discrete strains by plotting ln(Z) versus 
stress, σ. Fig. 9 shows a typical function describing β. 
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FIGURE 9. Plot of β as a function of strain in Sandvik 
Nanoflex TM during compression. 
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The following equation (1) is then used to 
temperature correct every data point in the 
experimental flow stress curve. Here σ1 and T1 are the 
experimental values of stress and temperature for each 
data point, σ2 and T2 are the corrected isothermal 
values of stress and temperature for the same data 
point, and R is the universal gas constant. Using this 
method, it is possible to derive complete, isothermal 
stress-strain curves, with only the effects of variations 
in strain rates still incorporated in the stress-strain 
curve. 
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Characteristic Points of First Stage Constitutive 
Equations 
In order for second stage equations to be derived, 
the following characteristic points must be found  for 
each experimental flow curve, along with the 
associated values of strain and strain rate: 
i)) σ0, the maximum stress when  plastic strain ε=0. 
ii) σ0.01, the stress when  plastic strain ε=0.01. 
iii) σp and εp , the position of the peak. 
iv) σmin and εmin , the position of the minimum.  
v) σc and εc , the critical point before the onset of peak. 
vi)  σss(e) and εss(e) , the onset of steady state conditions 
in the extrapolated curve.  
The value of σss(e) can be found by differentiating 
the isothermal flow stress curve and plotting 
ε
σ
∂
∂
 
with respect to stress. Such a plot is often known as 
Kocks-Mecking plot [5] and can be used to derive the 
critical point, peak, minimum and point of 
extrapolation. The hyperbolic sine relationship that fits 
to each of these characteristic points is given by the 
following equation.  
[ ]nAZ )sinh(ασ=  (2) 
It can be shown [4] that 
n
β
α = , thus it  is 
possible to derive α values for each of these 
characteristic points. A plot of ln(z) versus 
ln[sinh(ασ)] will have gradient n and intercept ln(A). 
Ultimately, the relationship between σ and Z can be 
expressed for each characteristic point in the form: 
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Similarly characteristic strains can be fitted to the 
equation of the form: 
CBZ=ε  (4) 
where B and C are constants specific to the 
characteristic point and can be derived by fitting the 
equation with data from experiments. 
Continuous Curves For Second Stage Constitutive 
Equations 
An extrapolated curve is generated which would 
have been achieved had there been no softening in the 
stress-strain curve. By subtracting the effect of 
softening from the extrapolated curve, the predicted 
flow stress curve is obtained that is valid till the stress 
reaches a minimum. The extrapolated curve is 
described using 
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where rε  is the “transient strain constant” and 
effectively defines the curvature of the flow stress 
curve between 0σ  and )(essσ , where the equation 
saturates. An initial estimate of rε  can be found from 
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In practice, the value of rε  is obtained by a fitting 
process. 
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FIGURE 10. Comparison of typical experimental and 
extrapolated flow stress curves for Sandvik Nanoflex TM 
during compression. 
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 Fig. 10 shows the calculated extrapolation of the 
curve with respect to the actual flow stress curve for 
the test carried out with a strain rate of 5E-3 s-1 at 100 
°C. Once the extrapolated flow stress curve is 
modeled, it is then possible to subtract from it the 
effect of softening by using an equation of the form 
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xrε  and p are obtained by fitting the experimental 
data to this function. 
Continuous Curves Of Third Stage Constitutive 
Equations 
Beyond the point of minimum stress, the flow 
stress of  Sandvik Nanoflex TM monotonically increases 
till fracture or termination of forming. Considerable 
hardening due to transformation of austenite to martensite 
goes on. A separate set of constitutive equation applies to 
this part of the flow stress curve. Typically, this part is 
defined by an equation of the following form 
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where εy is an intermediate strain between εmin , the 
strain at minimum stress and the terminal strain for the 
experiment, εt. 
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FIGURE 11. Comparison of computed and experimental 
flow stress curves for Sandvik Nanoflex TM stainless steel 
during compression. 
 
 
 
The constant d can be found by fitting the 
experimental data to equation (8). At this stage, all 
these three sets of equations are known, therefore, they 
can be integrated to calculate the predicted flow stress 
curve. Fig. 11 shows a typical fit between the 
experimental and computed curves for  Sandvik 
Nanoflex TM stainless steel, compressed with a strain 
rate of  5E-3 s-1 at 100 °C. 
CONCLUSIONS 
A methodology for generating constitutive 
equations for meta stable alloy systems has been 
developed and applied to a high alloy stainless steel 
called Sandvik NanoflexTM. It has a strong physical 
basis since it accounts for the micro-mechanical 
changes that occur  during dynamic softening and 
hardening of the steel and provides a quantitative 
description to these phenomena. Such equations, 
generated in pure states of tension, compression and 
shear are combined to calculate an equivalent stress. 
Thus these equations are extremely useful for large 
strain Finite Element calculations of forming 
processes. 
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